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(1) where J. 4 L =length of tube, (L).
The sampler is exposed for a measured period of time, and JA is determined from the mass of analyte collected by the sorbent. The calculated value of C 8 is taken to represent the concentration of the analyte in ambient air. For a more complete description of the physics of diffusive samplers see Palmes et a.l. (l) Reliance upon diffusion to deliver the analyte to the sorbent introduces errors into the measurement. The linear concentration gradient takes time to establish; until it is established, the sampler underestimates the concentration. For C 11 , the concentration at the open end of the tube, to equal C 0 , the concentration in the bulk atmosphere, the atmosphere must be well mixed. If the atmosphere is not well mixed, the analyte diffusing into the tube is not replaced in the region around the opening, and C 11 will be less than C 0 • The depletion·effect is perhaps demonstrated by several experiments in which analyte concentrations determined by diffusive sampling were less than independent measurements of C 0 (U) Tompkins and Goldsmith{ 6 ) presented the hypothesis that depletion around the opening of a sampler occurs when external mass transfer resistance is significant compared to internal mass transfer resistance. In this paper, we expand on this hypothesis and experimentally demonstrate a simple method to correct for errors in diffusive sampling due to external mass transfer resistance.
Mathematical Correction
\fass diffusing from lhe bulk atmosphere lo the sorbenl surfnc:e of a diffusive scunplcr is assumed to be transferred through two mass transfer resistances in series, onP exlernn.lto t.he sampler iind one internal. Equation (1) can be rewrillen
where k 1 is the internal mass transfer coefficient; (Lit). At steady state, the same flux goes through the external mass transfer resistance:
where k 8 = external mass transfer coefficient,
Tompkins and GoldsmithC 6 ) suggested that k 8 be estimated from the Schmidt and Reynolds numbers. This approach requires that the velocity of air in the atmosphere be known. In typical sampling situations, the velocity is presumed to be constantly changing and cannot easily be measured.
A simpler method to correct for the effects of external mass transfer resistance is to expose multiple samplers, identical in all respects except length, to the same conditions. If only two samplers are exposed, equations {1) and (3) are written for each sampler:
where subscripts 1 and 2 represent the two samplers, L 1 7f L2.
The quantities, JA and JA , are determined by analysis; DA is known or estimatedC 7 >; 1 ' 2 !, 1 and L 2 are known; and the remaining quantities, C 111 , C 112 , k 8 , and Co are solved by
elimination. Inspection of equations (4-7) shows that as L increases, C 8 approaches C 0 ;
that is, longer samplers are less affected by external mass transfer resistance.
Rewriting equation (3) as
shows that if several samplers of different lengths are exposed, a plot of Ca versus JA -4will be a straight line with slope -11 k 8 and that the C 8 intercept will be C 0 . This is the concentration that would be measured by an infinitely long sampler with infinitely small diffusive tlux.
Experimental Methods
A diffusive sampler for water vapor was used to demonstrate the method of correction for external mass transfer resistance, because of this sampler's ease of analysis ' and high precision and linearity of response. This water vapor sampler, which uses molecular sieve as the sorbent, was first described by Palmes et al. Exposure of water vapor samplers to an atmosphere of pure C0 2 showed that C0 2 is also taken up by the molecular sieve. Consequently, the mass uptake of C0 2 must be sub- 
Results
Data for the four exposure periods are summarized in Table I .
To compute a corrected diffusive flux, Jn 2 o. for each sampler, the average mass gain of the blank samplers was first subtracted from the total mass gain of each sampler. In all cases, the average blank uptake plus the standard deviation of the blank uptake was less than 1. 7% of the mass uptake of exposed samplers of the same length.
Next, the mass uptake of C0 2 was estimated for each sampler using the following method which is based on the assumption that the external mass transfer resistances for C0 2 and water vapor are equal. {This would be expected if k 8 depended on air motion and not on molecular diffusion). A trial value for k 8 was selected and the mass uptake of To test the sensitivity of the extrapolated water vapor concentration to the assumption of equal external mass transfer coefficients for C0 2 and water vapor and to the concentration of C0 2 , the data for exposure 2 were recalculated with the assumptions shown in Table II for the linear regressions are presented in Table 1 . Also shown in Figure 1 are the water vapor concentrations, C 0820 , calculated from the dew-point hygrometer data along with the absolute errors of the measurements determined from the rated accuracy of the instrument.
Discussion
The data for all four exposures plot as straight lines (Figure 1) , with coefficients of determination greater -than 0.97. In addition, near agreement was obtained between extrapolated and measured values of C 0 in exposures 1, 2, and 4 {Exposure 3 is discussed in more detail below). These observations support the model of diffusive sampling expressed in equations {1-3) and (8) and the conclusion that mass uptake by diffusive samplers is determined by internal and external mass transfer resistances in series as proposed by Tompkins and Goldsmith( 6 ) Consequently, all diffusive samplers a.re in error. This error will be signifkant when samplers are so short that external rnass lr<wsfer resistance (1/k 6 ) is substantial compared with internal mass transfer resistance (LI DA ). F'or example, in exposures 1. 2, and 4, samplers shorter than 100 mm underestimated the average measured concentration by more than 10%. Because lhe length of most diffusive samplers is less than 100 mm due to practical ' -7considerations, these devices may often significantly underestimate analyte concentration. This error can be eliminated by the method of correction presented here. This new method does not require that k 8 be known in advance or estimated from air velocity data. Accurate C 0 values are obtained simply by exposing two or more samplers of different diffusive path lengths and extrapolating the quantitative data to a sampler of infinite length. Palmes and Gunnison( 4 ) in their pioneering work on diffusive sampling also observed that relatively short samplers underestimate concentration. In one experiment, they exposed water vapor passive samplers of equal cross-sectional areas and varying lengths and found that collection efficiency (defined by them as the ratio of observed mass uptake to predicted mass uptake; in the present nomenclature, collection efficiency= C 8 / C 0 ) ranged from 1.04 for a sampler 4 em long to 0.68 for a sampler 0.5 em long. For another experiment, in which they exposed S0 More recently, Lindenboom and Palmes( 5 ) varied both sampler length and atmospheric pressure using N0 2 diffusive samplers. Collection efficiency was less for short samplers than for long samplers at all pressures al')d was lowest for the shortest samplers at the lowest pressures. Diffusive sampler response would be expected to be unaffected by pressure, because in equation (1) C 8 is directly proportional to pressure while DA is inversely proportional to pressure. The results, therefore, must be explained by external mass transfer resistance. At either short sampler length or low pressure, internal mass transfer resistance is reduced; external mass transfer resistance is not affected, and consequently becomes more important relative to internal mass transfer resistance. The present and previous experiments demonstrate that the effect of external mass transfer resistance in reducing the collection efficiency of diffusive samplers is not dependent upon the analyte being sampled or the sorbent. The effect has now been observed for S0 2 , N0 2 , and water vapor uptake, with three different sorbents for the latter (molecular sieve, concentrated H 2 S0 4 , and silica gel).
In well-mixed air, external mass transfer resistance (llk 8 ) is zero by definition.
Therefore, it was expected that k 8 would vary with the amount of mixing power in the four exposures. Calculated k 8 values, however, were found to be almost constant for the three exposures with zero or low mixing power and slightly lower for the exposure with high mixing power. This suggests that k 8 was not determined by air mixing, but rather This report was done with support from the Department of Energy. Any conclusions or opinions expressed in this report represent solely those of the author(s) and not necessarily those of The Regents of the University of California, the Lawrence Berkeley Laboratory or the Department of Energy.
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